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Abstract 
Large-scale laboratory experiments can play a key role in improving understanding of CO2 migration, phase change, 
and trapping processes. Critical to the design of such experiments are defensible configurations that mimic relevant 
subsurface flow scenarios. We are simulating CO2 and brine flow in high-pressure long-column pressure vessels 
(LCPVs) using TOUGH2/ECO2M to design upward migration and leakage experiments. The experiments are 
designed for a large- 2 
LUCI would consist of one or more vertical LCPVs a few hundred meters in length and filled with porous materials. 
The outer wall of the LCPVs will be fitted with heaters and wrapped in insulation to create either temperature-
controlled or insulated sidewall boundary conditions. The complex flows that develop as CO2 moves upward in the 
LCPV can be understood by looking at the evolution over time and space of pressure, temperature, phase saturation, 
and fluid density. Radial 2-D simulations show that results are very sensitive to the choice of outer sidewall thermal 
boundary conditions. For the case of constant geothermal-gradient temperature on the outer wall, there is very little 
liquid CO2 formed as heat from the sidewall counteracts decompression cooling and the CO2 remains either 
supercritical or gaseous, depending on pressure. For the case of an insulated sidewall, upward migration of CO2 and 
related decompression cooling leads to three-phase conditions through the formation of liquid CO2 in equilibrium 
with gaseous CO2 and brine. The strong dependence of flow on boundary conditions and relative permeability 
assumptions underlines the need for large-scale laboratory experiments. We are actively seeking a site for LUCI. 
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1. Introduction  
Concern about upward CO2 leakage and associated environmental impacts from Geologic Carbon 
Sequestration (GCS) sites motivates research to understand upward flow and transport of CO2. With only 
a handful of demonstration and industrial projects in existence, a large amount of research into GCS is 
carried out by numerical simulation. Progress in the understanding of hypothetical GCS processes 
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therefore requires encoding into simulators defensible physical process models, which are often 
developed through laboratory experimentation. One shortcoming of laboratory experiments is the general 
limitation in length scale to the order of one meter (bench scale). This limitation restricts testing processes 
such as large-scale upward CO2 migration and associated depressurization that could occur under some 
leakage scenarios, and which would be accompanied by a large expansion as CO2 transitions from 
supercritical or liquid to gaseous conditions. In order to study and understand such processes and related 
changes in flow velocity, temperature (e.g., by expansion cooling), and trapping in the porous medium, 
experiments need to be conducted over long vertical length scales. 
  
At least one CO2-related leakage experiment has been carried out in a long tube suspended in the 
stairwell of a tall building [1]. Slim-tube approaches used in the oil and gas industry [2] provide a method 
of representing a long flow path, but because slim tubes are normally deployed as tight coils so they will 
fit in an oven for temperature control, they do not provide a hydrostatic pressure gradient. Underground 
laboratories provide the best opportunity for long vertical flow columns in controlled conditions, an 
approach we have conceptualized for the 2 [3].  
 
Conceptualizations of leakage are shown in Fig. 1, with three hypothetical P-T paths shown 
superimposed on the CO2 phase diagram in Fig. 1a. As shown, upward leakage may follow P-T paths that 
bring the CO2 directly from supercritical to gaseous conditions (Scenarios 1 and 3), or the P-T path may 
cross the liquid-gas phase boundary (Scenario 2). The potential crossing of the phase boundary illustrated 
in Fig. 1a motivates experiments to understand the extent of decompression cooling, and what happens 
when and if liquid CO2 forms. The long-column pressure vessels (LCPVs) conceived for LUCI will be 
filled with sand or other relevant materials to represent 500 m vertical sections of the subsurface over a 
depth range controllable by specification of bottom and top pressure and temperature conditions. As an 
effectively one-dimensional system, the LCPV would formally represent either an actual one-dimensional 
flow path such as a leaky well (e.g., [4]), or a small region in the middle of a vast upward-rising plume as 
sketched in Fig. 1b. We can control which of these scenarios we want to test through the application of 
different thermal boundary conditions on the outer wall of the LCPV constant geothermal gradient 
temperature (at 25 °C/km) for the one-dimensional flow path, and insulated for the middle of a large 
plume. While neither of these thermal boundary conditions is exactly appropriate for either scenario, 
within the limitations imposed by the one-dimensional flow domain, they are end members which serve 
to bracket the range of behaviors that could occur.  
(a)                                                                          (b)   
 
Fig. 1. (a) Various possible scenarios for P-T paths of upward-flowing CO2 (b) Conceptual models of fault and abandoned-well 
leakage pathways for CO2.  
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With an understanding developed from numerical simulations, specifications of the system can be 
made to design the LUCI facility. Here we present simulations of experiments that could be carried out to 
demonstrate the sensitivity of the formation of liquid CO2 to the choice of boundary conditions. We 
emphasize that this study is not about modeling upward CO2 flow in natural systems, but rather on 
simulating flow and transport in a potential future LCPV.  
2. Methods 
We carried out numerical simulations of CO2 and brine flow in the LCPVs using TOUGH2/ECO2M 
[5, 6]. ECO2M is an equation of state module that describes the pure-component and mixture properties 
of water, NaCl, and CO2. ECO2M can model the full range of phase conditions in the system H2O-NaCl-
CO2, including P-T conditions on the liquid-gas phase boundary (saturation line) with the potential for 
three-phase conditions (aqueous, liquid CO2, and gaseous CO2). Because of its complete description of 
possible phase conditions, ECO2M is capable of simulating any scenario of upward CO2 and brine flow 
including the formation of liquid CO2. 
  
A sketch of the long-column pressure vessel with large horizontal exaggeration is shown in Fig. 2a 
along with the radially symmetric domain used for the simulations (Fig. 2b). The left-hand side (LHS) 
boundary is placed at the wall of the inner fiberglass access well which will be used for monitoring the 
annular flow region using various down-hole geophysical monitoring tools. We assume a closed 
boundary (no-flow and insulated) for the inner-wall (LHS) for all of the simulations. The flow occurs 
through the annular space between the inner access well and the 0.1 m thick stainless steel outer well 
casing, which is assumed to be a closed boundary, with either constant geothermal or insulated thermal 
conditions, with the outer wall forming the right-hand side (RHS) of the radial system. The bottom of the  
 
(a) (b) 
 
Fig. 2. (a) Schematic of LUCI showing vertical extent and three LCPVs. (b) Sketch of a single LCPV which includes an inner 
column for deployment of monitoring equipment. Also shown is the two-dimensional radial numerical simulation domain with 
named boundaries (LHS = left-hand side (inner wall), RHS = right-hand side (outer wall)). RE
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LCPV is also closed and insulated but includes flow ports such that CO2 can be injected at a controlled 
rate. The top of the column is held at constant P-T conditions of 3.43 MPa and 23.75 °C. These 
conditions correspond roughly to a depth of about 350 m in a typical sedimentary basin. Under these 
conditions and with NaCl brine of 100,000 ppm concentration, the P-T at the bottom of the 500 m-long 
LCPV are 8.67 MPa and 36.25 °C. We note finally that the critical pressure and temperature for CO2 are 
located at approximately -380 m and -295 m, respectively, as measured downward within the LCPV.  
 
The model LCPV flow domain is assumed to be filled with unconsolidated sand chosen to allow fluid 
flow in the column over practical experimental time scales rather than to represent any particular 
sedimentary basin or reservoir system. Specific properties of the unconsolidated sand were estimated 
using the Rosetta Database [7] which resulted in porosity, permeability, and capillary and relative 
permeability parameters shown in Table 1. For cases in which liquid- and gas-phase CO2 co-exist along 
with aqueous-phase brine, the three-phase capillary pressure and relative permeability formulations of 
Parker et al. (1987) [8] are used. The values of capillary pressure for supercritical, gaseous, and liquid 
CO2 for a given aqueous-phase saturation are assumed to be the same (i.e., we assume no interfacial 
tension between the various phases of CO2).  
Table 1. Properties of the LUCI system. 
Property Value 
Porosity ( ) 0.40 
Permeability (k) 1.7 x 10-11 m2 
Thermal conductivity of sand-brine mixture 2.5 W/(m K) 
Thermal conductivity of 5 cm-thick stainless steel (304) on RHS 
boundary 
14.6 W/(m K) 
Density of stainless steel 7920 kg/m3 
Heat capacity (CP) of stainless steel  502.1 J/(kg K) 
Capillary pressure (Pcap) and relative permeability (kr) 
m = 1-1/n = exponent in expressions for Pcap and kr 
Sar = aqueous-phase residual saturation    
Slr = liquid-phase residual saturation 
Sgr = gas-phase residual saturation 
Pc0 = aqueous-gas capillary pressure strength  
Pcmax = maximum possible value of Pcap 
van Genuchten1 Pcap and Corey2 kr for gas 
mvG = 0.774 
Sar = 0.127 for Pcap, 0.130 for kr 
Slr = 0.0 
Sgr = 0.01  
Pc0 = 2875 Pa 
Pcmax = 1 x 106 Pa 
Pcap between CO2 gas, liquid, and supercritical 
phases is assumed to be zero. 
1van Genuchten (1980) [9], as in Doughty (2007) [10] 
2Parker et al. (1987 [8]) as in Pruess (2011)[6], simplifies to van Genuchten when only two phases present.  
 
Hysteretic capillary pressure and relative permeability functions were not used here for the constant-
injection case because the system was expected to always remain on the drainage branch, i.e., CO2 is 
injected constantly, resulting in a monotonic drying processes. For injection into the domain at the 
bottom, we assume a constant injection rate distributed in the radial direction to produce a uniform mass 
flux over the bottom boundary. The total mass injection rate at the bottom of the LCPV is 1.58 × 10-2 kg/s 
(1.36 tonnes/d). 
RE
TR
AC
TE
D
3490   C.M. Oldenburg et al. /  Energy Procedia  37 ( 2013 )  3486 – 3494 
3. Results 
3.1. Fixed geothermal gradient boundary  
In this scenario, CO2 is injected at a constant rate and temperature into the bottom of the LCPV which 
is initially filled with brine containing 100,000 ppm NaCl at hydrostatic pressure and temperature equal to 
the selected geothermal gradient. Temperature at the outer wall or RHS boundary is held fixed at this 
geothermal gradient profile. Fig. 3 shows results at t = 5 and 10 d following the start of injection. As 
shown, the CO2 front has moved upwards approximately 260 m creating a region of two-phase gaseous 
and supercritical CO2 (scCO2)-brine mixture. The pressure in the system increases due to this injection 
process. Isotherms are generally lifted upwards as the brine is displaced upwards and the injected CO2 is 
at the relatively warmer temperature of the bottom boundary. The injected CO2 decompresses as it rises 
upward through the hydrostatic pressure of the brine column and may exchange heat with the outer wall 
of the column. Overall, the simulation shows some minor two-dimensional effects arising from the fixed 
geothermal gradient boundary condition.  
 
       (a)                                                                                                       (b) 
  
Fig. 3. Results at (a) t = 5 d and (b) t = 10 d showing P, T, SCO2, and CO2 for the case of the fixed geothermal gradient boundary 
condition on the RHS. The critical pressure (Pc) and temperature (Tc) are indicated by the light solid curves on the P and T plots. 
The nearly one-dimensional nature of the flow problem allows depiction of results as vertical profiles 
through the system. Fig. 4 shows values of P, T, SCO2, and CO2 for vertical profiles along the LHS of the 
LCPV at four times to explicitly show the vertical variations in temperature and phase conditions in the 
system, for example, the clear indication of the phase front. Note also that we include the liquid-gas phase 
boundary in the temperature plot. This curve represents the locus of points along which gas and liquid 
CO2 are in equilibrium at the given pressure of the system. At t = 5 d, the CO2 is supercritical below 
approximately -320 m and gaseous above. The effects of expansion cooling at t = 5 d can be seen clearly 
on the vertical profile plots of Fig. 4 by the deflection toward lower temperatures at around z = -350 m 
and near-intersection with the liquid-gas phase boundary. The increased T relative to initial condition 
between z = -250 m and -350 m is likely due to advection of warmer fluid upward. 
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Fig. 4. Vertical profiles along the inner radius of the domain at (a) t = 5 d, (b) t = 10 d, (c) t = 20 d, and (d) t = 30 d for the fixed 
geothermal gradient boundary condition on the RHS. The color of the lines represents the value of the variable being plotted against 
depth, for visual emphasis (same color coding as depicted in Fig. 3). Initial conditions for P and T are shown by the dashed lines.  
3.2. Insulated boundary  
To understand the effect of the outer wall (RHS) thermal boundary condition, we consider next a case 
identical to the above except the RHS (outer wall) is perfectly insulated. With no heat entering or leaving 
through the RHS boundary, the intrinsic thermal effects are more obvious as they are controlled solely by 
advection, conduction, expansion, and phase change effects. Vertical profiles of results for t = 5 d, 10 d, 
20 d, and 30 d are shown in Fig. 5. As shown, interesting oscillations in temperature occur at various 
times resulting in liquid CO2 conditions alternating with scCO2 and gaseous CO2. The occurrence of 
liquid CO2 causes phase interference that impedes upward flow and introduces a negative feedback to the 
expected expansion cooling, resulting in oscillations in density and temperature. At t = 30 d, liquid CO2 is 
present from z = -200 m to -370 m. The large region of liquid CO2 points to the importance of expansion 
cooling in large-scale buoyant CO2 rise, at least for systems with high porosity and permeability. At the 
liquid-gas phase boundary, there are two CO2 phases (liquid and gas) in equilibrium with an aqueous 
phase. In this situation, three-phase relative permeability and capillary pressure functions are needed. The 
migration of the system to the liquid-gas phase boundary seems to be a fundamental behavior of the 
system which was observed for all reasonable combinations of relative permeability tested so far. 
Alternative graphical representations of both the geothermal gradient and isothermal sidewall boundary 
RE
TR
AC
TE
D
3492   C.M. Oldenburg et al. /  Energy Procedia  37 ( 2013 )  3486 – 3494 
condition cases are shown in Fig. 6 as trajectories of P-T conditions along with CO2 saturation at specific 
locations in the flow column. To see additional alternative graphical and animated representations of 
these simulation results, please see animated time plots in the Supplementary Material of our Greenhouse 
Gases: Science and Technology paper (Oldenburg et al., 2011) [11]. 
 
 
Fig. 5. Vertical profiles along the inner radius of the domain at (a) t = 5 d, (b) t = 10 d, (c) t = 20 d, and (d) t = 30 d for the case with 
insulated boundary condition on the RHS (same color coding as depicted in Fig. 3). 
4. Conclusions 
Numerical simulations using TOUGH2/ECO2M for the preliminary design of long-column flow 
experiments such as those proposed for LUCI have been carried out. The fixed geothermal gradient 
boundary condition is representative of the case of CO2 flow up a narrow conduit such as the annulus of 
an abandoned well or a fault zone. The insulated boundary condition is representative of the upward flow 
of CO2 in the middle of a much larger CO2 plume. Simulation results for scenarios involving constant 
injection of CO2 in an initially brine-filled sand column are sensitive to the outer wall thermal boundary 
condition. Radial gradients in temperature occur for the fixed geothermal gradient case showing the outer 
wall temperature controls the temperature in the system whereas in the insulated case heat transfer and 
temperature are controlled by vertical advection and conduction, expansion, and phase change processes.  
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        (a)                                                                              (b) 
 
Fig. 6. Trajectories over 40 days of P, T, and CO2 saturation at five depths for the constant-injection case with (a) geothermal 
gradient outer wall boundary condition, and (b) insulated outer wall boundary condition.  The diamonds show initial conditions. 
Liquid CO2 forms in flow simulations using either boundary condition, but much more liquid forms in 
the insulated outer wall case because expansion cooling is stronger when the outer wall boundary does 
not supply heat to the system. When two-phase liquid-gas conditions occur, the system becomes locked 
onto the liquid-gas phase boundary. The prevalence of liquid CO2 in these upward-leakage simulations 
and the lack of knowledge about modeling three-phase relative permeability motivate the development of 
a large-scale experimental facility with LCPVs in which controlled flow experiments can be carried out. 
An experimental facility would provide the opportunity for researchers to investigate outstanding research 
questions such as the role of phase interference in multiphase CO2 systems along with much more 
realistic and complex systems, for example by layering different materials into the column, and including 
reactive transport and other physical and chemical processes. In all likelihood, a large-scale experiment 
would reveal additional unpredicted behaviors the study of which could allow increased understanding of 
large-scale flow and phase change phenomena in CO2 systems. We are actively seeking collaborators who 
could provide a facility to house LUCI. 
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